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1 In trodu ction
The production of prom pt photons1 in association w ith two jets in proton-proton collisions, 
p p  ^  y  +  j e t+ je t  +  X, provides a means of testing perturbative QCD (pQCD) predictions. 
M easurements of the angular correlations between the photon and each of the jets as 
well as between the two jets can be used to  probe the dynamics of the hard-scattering 
process. In addition, m easurem ents of the invariant-mass distributions of the dijet system 
and the photon plus dijet system are sensitive to  the dynamics of the hard interaction. A 
comprehensive study of the observables describing this final sta te  is of relevance for the 
development of pQCD calculations as well as for the tuning of M onte Carlo (MC) models.
Prom pt-photon plus two-jet production proceeds via two mechanisms (see figure 1) : 
direct processes, in which the photon originates from the hard interaction, and fragmen­
tation  processes, in which the photon arises from the fragm entation of a high transverse 
m om entum 2 (pT) parton [1, 2]. The direct and fragm entation contributions are well defined 
only a t leading order (LO) in QCD; at higher orders this distinction is no longer possible. 
Furtherm ore, pure electroweak processes or electroweak virtual corrections are expected 
to  play an im portant role for photon transverse energies a t the TeV scale [3- 6] and dijet 
configurations with large invariant mass and large separation in rapidity.
M easurements of prom pt-photon production in a final sta te  with accompanying 
hadrons necessitate an isolation requirem ent on the photon to  minimise the large m ulti-jet 
background where hadrons in jets decay into photons. The production of isolated photons 
in association w ith jets in pp collisions at y f s  =  7, 8  and 13 TeV was studied by ATLAS [7­
10] and CMS [11- 15]. Previous m easurem ents of the production cross sections of photons 
accompanied by two jets were done for angular correlations and the transverse m om enta of 
the photon and the jets at a/s =  8  TeV [9]. W ith  the increase in centre-of-mass energy to 
13 TeV, new observables have been introduced to  explore the dynamics where electroweak 
contributions could be relevant, in particular, the invariant mass of the two jets and the 
invariant mass of the photon-jet-jet system.
M easurements of photon plus two-jet production provide a deeper understanding of the 
dynamics of the underlying processes and complement the recent m easurem ents of photon 
plus one-jet production at 13 TeV [10]. The analysis presented here includes the study of 
the kinematics of the photon plus two-jet system via the m easurem ent of the cross section as 
a function of the leading-photon transverse energy (ET), and of the transverse momentum  
(pT*) and rapidity  (yjet) of each of the two jets. The dynamics of the photon plus two-jet 
system is studied by m easuring the azim uthal angular separation between the photon and 
each of the jets (A ^7-Jet), the difference in rapidity between the photon and each of the jets 
(A y7-Jet), the invariant mass of the dijet system (m jet-jet), the azim uthal angular separation
xAll photons that are not produced in hadron decays are considered to be ‘prompt’.
2ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in 
the centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre 
of the LHC ring, and the y-axis points upwards. Cylindrical coordinates (r, Y) are used in the transverse 
plane, Y being the azimuthal angle around the z-axis. The transverse energy is defined as ET = E  sin 6 , 
where E is the energy and 6 is the polar angle. The pseudorapidity is defined as n = — lntan(6/2) and the
angular distance is measured in units of A R  =  y  (A n )2 + (AY)2.
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Figure 1. Examples of diagrams for 7  +  jet +  jet production through (a) direct-photon and (b) 
fragmentation-photon processes.
between the two jets (A ^jet-jet), the difference in rapidity  between the two jets (Ayjet-jet) 
and the invariant mass of the photon-jet-jet system (m 7 Jet jet). M easurements of the final 
s ta te  y  +  je t +  je t have the advantage th a t the second je t is explicitly identified and the 
interplay between the two underlying production mechanisms can be tested more directly 
th an  in the 7  +  je t final state. The two underlying production mechanisms exhibit distinct 
features in kinem atic variables as well as in angular correlations or invariant masses of the 
objects in the final state. For example, the spectrum  in ET (pT*, mjet-jet) is expected to  be 
harder (softer) for direct processes than  for fragm entation processes; as another example, 
angular correlations such as A ^ jet-jet are expected to  be different for the two processes, 
w ith the two jets being closer to  each other in direct processes than  in fragm entation 
processes. These distinct features arise from the m atrix  elements of the two processes and 
the fraction of the centre-of-mass energy of the colliding partons carried away by the final- 
s ta te  photon [16]. In order to  enhance the sensitivity to  the two underlying mechanisms, 
m easurem ents are performed in two complem entary regions of phase space, in addition to  
the inclusive phase space, by selecting those events in which ET is larger (smaller) th an  the 
leading (sub-leading) je t pT. This separation allows a more in-depth study of the direct 
and fragm entation contributions since it is performed in term s of kinem atic variables and, 
therefore, does not rely on distinguishing between direct and fragm entation processes using 
a MC generator. Furtherm ore, the photon is required to  be isolated and the distance in 
the p- 0  plane between the photon and each of the jets is required to  be larger than  0 .8 ; 
the region of phase space in which a je t is close to  the photon is removed to  avoid a bias 
in the photon isolation energy as well as to  suppress the dependence on the modelling of 
the fragm entation component in th a t region. The analysis is performed using 36.1 fb-  of 
ATLAS d a ta  a t f s  =  13 TeV taken during 2015 and 2016. The predictions of the tree-level 
plus parton shower models of P y t h i a  [17] and S h e rp a  [18], as well as the next-to-leading- 
order (NLO) QCD predictions from S h e rp a  [19- 23], are compared with the m easurements.
3The leading (sub-leading) jet is the one with (next-to) highest pjA
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2 A TLA S d etector
The ATLAS experiment uses a m ultipurpose particle detector [24] w ith a forward-backward 
symm etric cylindrical geometry. It consists of an inner tracking detector surrounded by a 
th in  superconducting solenoid, electrom agnetic and hadronic calorimeters, and a muon 
spectrom eter incorporating three large superconducting toroidal magnets. The inner- 
detector system is immersed in a 2 T  axial m agnetic field and provides charged-particle 
tracking in the range |n| <  2.5. The high-granularity silicon pixel detector is closest to  the 
interaction region and provides four measurem ents per track; the innerm ost layer, known as 
the insertable B-layer [25, 26], provides high-resolution hits at small radius to  improve the 
tracking performance. The pixel detector is followed by a silicon m icrostrip tracker, which 
typically provides four three-dimensional space-point m easurem ents per track. These sil­
icon detectors are complemented by a transition  radiation tracker, which enables radially 
extended track reconstruction up to  |n| =  2.0. The calorim eter system covers the range 
|n| <  4.9. W ithin the region |p| <  3.2, electrom agnetic (EM) calorim etry is provided 
by barrel and endcap high-granularity lead/liquid-argon (LAr) EM calorimeters, w ith an 
additional th in  LAr presam pler covering |n| <  1.8 to  correct for energy loss in m aterial 
upstream  of the calorimeters; for |n| <  2.5, the EM calorim eter is divided into three layers 
in depth. Hadronic calorim etry is provided by a steel/scintillator-tile calorimeter, seg­
mented into three barrel structures w ithin |n| <  1.7, and two copper/LA r hadronic endcap 
calorimeters, which cover the region 1.5 <  |n| <  3.2. The solid-angle coverage is com­
pleted out to  |n| =  4.9 w ith forward copper/LA r and tungsten /L A r calorim eter modules, 
which are optimised for EM and hadronic measurements, respectively. Events are initially 
selected using a first-level trigger implemented in custom  electronics, which reduces the 
event-acceptance rate  from the maximum bunch crossing rate of 40 MHz to a design value 
of 100 kHz using a subset of detector information. Software algorithm s with access to  the 
full detector information are then  used in the high-level trigger to  yield a recorded event 
rate  of about 1 kHz [27].
3 D a ta  selection
The d a ta  used in this analysis were collected w ith the ATLAS detector during the pp colli­
sion running periods of 2015 and 2016, when the LHC operated at a centre-of-mass energy 
of a/ s =  13 TeV. Only events taken during stable beam conditions and satisfying detector 
and data-quality  requirem ents [28], which include the calorimeters and inner tracking de­
tectors being in nominal operation, are considered. The to ta l integrated luminosity of the 
collected sample am ounts to  36.1 ±  0 .8fb- 1 . The uncertainty in the combined 2015-2016 
integrated luminosity of 2.1% [29] is obtained using the LUCID-2 detector [30] for the 
prim ary luminosity measurements.
3.1 E ven t se lec tio n
Events were recorded using a single-photon trigger, w ith a transverse energy threshold 
of 140 GeV; ‘loose’ identification criteria for the photon, which are based on the shower
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shapes in the second layer of the electrom agnetic calorim eter and on the fraction of energy 
deposited in the hadronic calorimeter, were also applied [31]. Events are required to  have a 
reconstructed prim ary vertex [32]. If m ultiple prim ary vertices are reconstructed, the one 
w ith the highest sum of the pT of the associated tracks is selected as the prim ary vertex.
3.2 P h o to n  se lec tio n
The photon-candidate reconstruction, selection and calibration closely follow those reported 
in ref. [33] and are summarised in the following. Photon candidates are reconstructed from 
clusters of energy deposited in the electrom agnetic calorim eter and classified [34] as un­
converted photons (those candidates w ithout a m atching track or reconstructed conversion 
vertex in the inner detector) or converted photons (those candidates w ith a m atching recon­
structed  conversion vertex or a m atching track consistent with originating from a photon 
conversion).
The photon identification is prim arily based on shower shapes in the calorim eter [34]. 
The information from the hadronic calorim eter and the lateral shower shape in the second 
layer of the EM calorim eter are used in an initial selection. The final ‘tig h t’ selection 
comprises more stringent criteria for these variables as well as requirem ents on the shower 
shapes in the first layer of the EM calorimeter. Small differences are observed in the 
average values of the shower-shape variables between d a ta  and sim ulation and are corrected 
for in simulated events before applying the photon identification criteria. The photon 
identification efficiencies are m easured to  be above 90% (95%) for unconverted (converted) 
photon candidates with ET >  150 GeV.
The m easurem ent of the photon energy is based on the energy collected in calorime­
ter cells in an area of size A n x A 0 =  0.075 x 0.175 in the barrel and 0.125 x 0.125 
in the endcaps. The photon energy calibration procedure is described in ref. [35]. The 
uncertainty in the photon energy scale a t ET =  150 GeV is in the range 0.4%-3.1% (0.4%- 
2 .8 %) for unconverted (converted) candidates depending on |nY|, being largest in the region 
1.81 <  |nY| <  2.37.
The selection of isolated photons is based on the am ount of transverse energy inside 
a cone of size A R  =  0.4 in the n -0  plane around the photon candidate, excluding an area 
of size A n x A ^  =  0.125 x 0.175 centred on the photon. The isolation transverse energy 
(ETso), which is com puted from topological clusters of calorim eter cells [36], is corrected for 
the leakage of the photon energy into the isolation cone and the estim ated contributions 
from the underlying event (UE) and additional inelastic pp interactions (pile-up) [37]. The 
combined correction to  ET° for the last two effects is com puted on an event-by-event basis 
using the jet-area  m ethod [38] and typically am ounts to  3.5 GeV (1.3 GeV) for |nY| <  1.37 
(1.56 <  |nY| <  2.37). In  s i t u  corrections to  ET° are applied in simulated events such th a t 
the peak position in the ET° distribution coincides w ith th a t in the data. After corrections, 
ET° is required to  be less than  ET°cut =  0.0042 ■ ET +  4.8 GeV.
Events w ith a t least one isolated photon candidate w ith ET >  150 GeV and |nY| <  2.37 
are selected. Candidates in the region 1.37 <  |nY| <  1.56, which includes the transition  
region between the barrel and endcap calorimeters, are not considered. In events w ith more
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th an  one photon candidate satisfying the selection criteria, only the highest-ET (leading) 
photon is considered for further study.
3.3 J e t se lec tio n
The anti-kt algorithm  [39, 40] w ith radius param eter R =  0.4 is used to  reconstruct jets. 
Topological clusters of calorim eter cells are used as input (jet constituents). The calorim eter 
cell energies are measured at the EM scale, which corresponds to  the energy deposited by 
electrom agnetically interacting particles. The je t four-mom enta are com puted from the 
sum of the jet-constituent four-momenta, treating  each as a four-vector w ith zero mass. At 
this stage, the je t four-mom entum  values refer to  the EM energy scale.
The calibration of the jets is performed following the m ethods described in ref. [41] 
and is discussed below. The four-mom entum  of jets is recalculated to  point to  the selected 
prim ary vertex of the event rather th an  the centre of the detector. The jet-area m ethod 
is then  used on a jet-by-jet basis [42] to  subtract the contributions from the UE and pile- 
up. Subsequently, a calibration of the je t energy and direction is applied th a t corrects 
the reconstructed je t four-mom entum  to  the particle level. For this purpose, simulated 
events are employed and the same je t algorithm  used on da ta  is applied to  the generated 
stable particles. Stable particles are defined as those w ith a decay length c t  >  10  mm. 
Muons, neutrinos and particles from pile-up interactions are excluded. The resulting jets 
are referred to  as particle-level jets. Following the previous calibration, residual dependen­
cies of the reconstructed je t energy on the longitudinal and transverse characteristics of 
the je t are observed. Corrections to  reduce these dependencies are derived from simulated 
events, using global properties of the je t obtained from tracking information, calorim eter 
energy deposits and muon spectrom eter information. These corrections are applied sequen­
tially to  the je t four-mom entum  while conserving the average je t response in the sample 
of dijet sim ulated events used to  derive the corrections. These corrections improve the 
je t energy resolution and account for differences in energy response between quark- and 
gluon-initiated jets. Since the je t flavour composition of the final sta te  7  +  je t +  je t is, in 
principle, different from th a t used for the calibration (dijet events), the corrections help 
to  reduce the dependence on the je t flavour composition assumed. In addition, system ­
atic uncertainties due to  the je t flavour response and composition are considered. A final 
correction is applied to  account for differences in the je t response between da ta  and simu­
lations. The final correction is derived in s i t u  from a com bination of dijet, 7  +  jet, Z  +  jet 
and m ulti-jet pT-balance m ethods. Dijet events are used to  correct the average response 
for forward jets to  th a t for well-measured central jets. The other three in s i t u  calibrations 
correct for differences between the average responses for central jets and well-measured 
reference objects. The uncertainty in the je t energy scale a t p T  =  100 GeV varies in the 
range 1.5%-2% depending on the je t pseudorapidity.
Quality criteria are applied to  reject events with jets reconstructed from calorim eter 
signals not originating from a pp collision [43]. These criteria suppress events with jets 
from beam-induced background due to  proton losses upstream  of the interaction point, 
cosmic-ray air showers overlapping w ith collision events and calorim eter noise from large- 
scale coherent noise or isolated pathological cells. Jets are required to  have calibrated
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R equ irem ents on photon E j  >  150 GeV, |nY| <  2.37 (excluding 1.37 < |nY| <  1.56) 
ET° < 0.0042 ■ E j  +  4.8 GeV (reconstruction level) 
E j°  <  0.0042 ■ E j  +  10 GeV (particle level)
R equ irem ents on je ts at least two jets using anti-kt algorithm with R  =  0.4 
p T  >  100 GeV, |yjet| <  2.5, A R Y-jet >  0.8
P h ase  space to ta l fragm entation  enriched
E j  <  pT t2
direct enriched
E j  >  pj? 1
N u m b er o f events 755 270 111666 386 846
Table 1. Phase-space regions for the measurements and predictions. The number of data events 
selected in each phase space is also shown.
transverse m om enta greater than  100 GeV and rapidity |yjet| <  2.5. Jets overlapping with 
the photon candidate are not considered if the je t axis lies w ithin a cone of size A R  =  0.8 
around the photon candidate; this requirem ent prevents any overlap between the photon 
isolation cone (A R  =  0.4) and the je t cone (A R  =  0.4). Finally, the event is selected if 
there are a t least two jets (leading and sub-leading jets) satisfying the requirem ents above. 
The threshold p j  =  100 GeV is chosen to  avoid the increasingly large uncertainties in the 
je t energy scale for lower values of p jf .
3.4  D a ta  sam p les
The num ber of da ta  events selected by the requirem ents listed in the previous subsections 
is 755 270. Three samples of events are selected according to  the following criteria: a ‘to ta l’ 
sample in which no further requirem ent is applied; a ‘fragm entation-enriched’ sample in 
which the photon is required to  have ET <  p j *2 , where j t 2  is the pT of the sub-leading jet; 
and a ‘direct-enriched’ sample in which the photon is required to  have ET >  p j^ 1 , where 
pJTetl is the p t  of the leading jet. A sum m ary of the requirem ents on the photon and the 
jets is given in table 1 , together w ith the num ber of selected events in each da ta  sample.
4 M on te Carlo sim ulations and Standard M odel th eory  predictions
4.1 S ignal M on te  C arlo sim u la tion s
Samples of events were generated to  study the characteristics of the pp ^  7  +  je t +  je t +  X 
signal events. The programs P y t h i a  8.186 [17] and S h e rp a  2.1.1 [18] were used for 
the predictions. In both  cases, the event generation is performed using tree-level m atrix  
elements, w ith the inclusion of initial- and final-state parton showers. The Lund string 
model [44] in the case of P y t h i a  and a modified version of the cluster model [45] in 
S h e rp a  are used to  describe the fragm entation into hadrons. The LO NNPDF2.3 [46] 
parton distribution functions (PDFs) were used by P y t h i a  while the NLO CT10 [47] 
PD Fs were used by S h e rp a  to  param eterise the proton structure. B oth samples include a 
sim ulation of the UE. The event-generator param eter values were set according to  the A14 
tune for P y t h i a  [48] and the CT10 tune for S h e rp a .
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The P y t h i a  sim ulation of the signal includes LO photon-plus-jet events from both  the 
direct processes (the subprocesses qg ^  5 7  and qq  ^  7 7 , called the ‘ha rd ’ component) and 
the photon brem sstrahlung in LO QCD dijet events (called the ‘brem sstrahlung’ compo­
nent). The brem sstrahlung component was modelled by final-state QED radiation arising 
from calculations of all 2 ^  2 QCD processes. The S h e rp a  samples were generated with 
LO m atrix  elements for photon-plus-jet final states with up to  three additional partons 
(2 ^  n  processes w ith n  from 2 to  5); the m atrix  elements were merged with the S h e rp a  
parton shower [49] using the M E+PS@ LO prescription. The brem sstrahlung component 
is accounted for in S h e rp a  through the m atrix  elements of 2 ^  n  processes w ith n  >  3. 
In the generation of the S h e rp a  samples, a requirem ent on the photon isolation at the 
m atrix-elem ent level was imposed using the criterion defined in ref. [50]. This criterion, 
commonly called Frixione’s criterion, requires the to ta l transverse energy inside a cone of 
size V around the generated final-state photon, excluding the photon itself, to  be below 
a certain threshold, E m&x(V) =  e E j ((1 — cos V)/(1  — cos R ))n , for all V <  R , and is ap­
plied to  avoid singularities in the m atrix-elements calculation. The param eter values for 
the threshold were chosen to  be R  =  0.3, n  =  2 and e =  0.025. These values guarantee 
a selection loose enough to  minimise possible biases from the application of the photon 
isolation requirement a t reconstruction and particle levels (see table 1) . A possible bias is 
accounted for by a system atic uncertainty (see section 7.1.5) estim ated from a comparison 
w ith P y t h i a  samples, for which no photon isolation requirem ent is applied during the 
event generation. The S h e rp a  predictions from this com putation are referred to  as LO 
S h e rp a .
Pile-up from additional pp collisions in the same and neighbouring bunch crossings 
was simulated by overlaying each MC event w ith a variable num ber of simulated inelastic 
pp collisions generated using P y th ia  8.186 with the ATLAS set of tuned param eters for 
minimum-bias events (A2 tune) [51] and the MSTW2008LO PD F set [52]. The MC events 
are weighted to  reproduce the d istribution of the average num ber of interactions per bunch 
crossing observed in the data, referred to  as ‘pile-up reweighting’.
All the samples of generated events were passed through the GEANT4-based [53] AT­
LAS detector- and trigger-sim ulation programs [54]. They are reconstructed and analysed 
w ith the same program  chain as the data.
4.2  B ackgroun d  M on te  C arlo sim u la tion s
The main background to  isolated-photon events arises from jets misidentified as photons. 
This background, which is typically below 5%, is subtracted using an in s i t u  technique, as 
described in section 5. The background from electrons or positrons misidentified as photons 
is estim ated using MC samples generated w ith the program  S h e rp a  2.2.1 [19- 21]. The 
Z ^ / 7 * ^  e+e-  and W ^  ^  ev processes were generated with m atrix  elements calculated 
for up to  two additional partons a t NLO and up to  four partons at LO.
4Since Frixione’s criterion requires the upper limit on the transverse energy isolation to be exactly 
zero at V = 0, the criterion cannot be strictly looser than any non-zero photon isolation requirement at 
reconstruction or particle level for all V < R.
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4.3  N e x t-to -le a d in g -o rd er  pQ C D  p red iction s
The NLO pQCD predictions presented in this paper are com puted using the program 
S h e rp a  2.2.2 [19]. This program  consistently combines parton-level calculations of 7  +  
(1, 2)-jet events a t NLO and 7  +  (3, 4)-jet events a t LO [20, 21] supplem ented with a 
parton shower [2 2 ] while avoiding double-counting effects [23]. A requirem ent on the photon 
isolation at the m atrix-elem ent level is imposed using Frixione’s criterion with R  =  0.1, n  =  
2 and e =  0.1; for the S h e rp a  NLO calculations the param eters are fixed to  looser values 
th an  for the LO calculations to  further minimise any possible bias from the application of 
the photon isolation requirem ent a t particle level. The NNLO NNPDF3.0 PD Fs [55] are 
used in conjunction w ith the corresponding S h e rp a  default tuning. Dynamic factorisation 
and renorm alisation scales are adopted and set equal to  E j , as well as a dynamical merging 
scale with Qcut =  2 0 GeV [56]. The strong coupling constant is set to  a s(m Z) =  0.118. 
Fragm entation into hadrons and sim ulation of the UE are made using the same models as 
for the LO S h e rp a  samples of simulated events (see section 4.1) . All the S h e rp a  NLO 
predictions are based on the particle-level observables from this com putation after applying 
the requirem ents listed in table 1. In particular, the photon isolation requirem ent is applied 
at particle level using the procedure described in section 6 .
5 Signal extraction
5.1 M u lti-je t  background su b tra ctio n
The main background to  prom pt-photon production consists of m ulti-jet events where one 
je t typically contains a n  or n meson th a t carries most of the je t energy and is misiden- 
tified as a photon because it decays into an almost collinear photon pair. The m ulti-jet 
background estim ation relies on an i n  s i t u  m ethod based on signal-suppressed control 
regions. The m ethod uses the same two-dimensional sideband technique as in previous 
analyses [7, 8 , 37, 57- 59] and it is described briefly in the following. The background sub­
traction  procedure is performed bin by bin for each distribution. Two variables, the photon 
identification quality and E j o, are used to  define the control regions for the background 
estim ation. The photon candidate is classified as ‘isolated’ if E j o <  ETOcut and as ‘non­
isolated’ if ETOcut +  2 GeV <  E j O <  50 GeV. The non-isolated region is separated by 2 GeV 
from the isolated region to  reduce the contam ination from signal events. The upper bound 
in E j O is applied to  avoid highly non-isolated photons; in this way, the determ ination of the 
signal yield does not depend on the description by the MC generators of the distribution 
of E j O for prom pt photons with high values of E j O. A photon candidate is classified as 
‘tig h t’ if tight identification criteria are satisfied. It is classified as ‘non-tight’ if it fails 
at least one of four tight requirem ents on the shower-shape variables com puted from the 
energy deposits in the first layer of the electrom agnetic calorimeter, but satisfies the tight 
requirem ents listed below: the tight requirem ent on the to ta l lateral shower w idth in the 
first layer, all the o ther tight identification criteria in o ther layers and the tight requirement 
on the leakage into the hadronic calorim eter [34].
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The two-dimensional plane defined by E j O and the tigh t/non-tigh t photon-identifi- 
cation variable is divided into four non-overlapping regions: the ‘signal’ region of tight 
isolated candidates (region A) and three background control regions of tight non-isolated 
(region B ), isolated non-tight (region C ) and non-isolated non-tight (region D) photon 
candidates. The signal yield NA'g in region A is determ ined by using the relation
N ‘ig =  N a -  Rbg • (N b -  f s N ? ) • (NC ~  f c N £ ) . (5.1)
(N D -  f D N A  )
where N K , w ith K  =  A, B ,C , D , is the num ber of events in region K  and Rbg =  N ^g • 
NDg/(N ^ g • NCg) is the so-called background correlation and is taken as R bg =  1 for the 
nominal results; n K  with K  =  A, B , C, D  is the unknown num ber of background events in 
each region. Equation (5.1) takes into account the expected num ber of signal events in the 
three background control regions (N ^ g  via the signal leakage fractions, f K  =  N |ig/NAlg 
with K  =  B , C, D , which are estim ated using the MC simulations of the signal.
The signal purity, defined as NAlg/NA, is typically above 95%. The use of P y t h i a  or LO 
S h e rp a  samples to  ex tract the signal leakage fractions leads to  similar signal purities; the 
difference in the signal purity is taken as a system atic uncertainty (see section 7.1.5) . The 
photon isolation and identification variables are assumed to  be uncorrelated (R bg =  1 ) for 
background events. The dependence of the signal yield on this assum ption is investigated 
in validation regions, which are defined w ithin the background-enriched regions B  and D. 
A study of Rbg in the validation regions, accounting for signal leakage using either the 
P y t h i a  or LO S h e rp a  simulations, shows deviations from unity, ranging from 10% to 
50%, which are then  propagated through eq. (5.1) and taken as system atic uncertainties 
(see section 7.1.7) .
5.2 O th er backgrounds
The background from electrons or positrons misidentified as photons, mainly produced 
in Drell-Yan Z (*^ / 7 * ^  e+e-  and W ^  ^  ev processes, is also studied. Such events 
are largely suppressed by the photon selection. The rem aining background contribution is 
estim ated using MC samples of fully simulated events and found to  be sub-percent for most 
of the phase space considered. No subtraction is performed and a system atic uncertainty 
equal to  the size of the estim ated background is assigned (see section 7.1.8) .
6 U nfold ing k inem atic d istrib u tion s to  particle  level
Cross sections for isolated-photon production in association w ith a t least two jets are 
m easured in the fiducial phase-space regions outlined in table 1. The differential cross 
sections are obtained through the formula
d a  N  unf ’sig (i)
d O (i) =  L A O (i) ,
where d a /d O (i)  is the cross section as a function of observable O in bin i, N unf,sig(i) is 
the unfolded num ber of background-subtracted d a ta  events in bin i and is obtained as 
described below, L is the integrated luminosity and A O (i) is the w idth of bin i.
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The particle-level isolation transverse energy of the photon is calculated by summing 
the transverse energy of all stable particles, except for muons and neutrinos, in a cone of 
size A R  =  0.4 around the photon direction after the contribution from the underlying event 
is subtracted. The same subtraction procedure used on d a ta  is applied at the particle level; 
the particles associated w ith the overlaid pp collisions are not considered. The particle- 
level requirem ent on E ^ 0 is determ ined using the P y t h i a  and LO S h e rp a  MC samples by 
comparing the calorim eter isolation transverse energy w ith the particle-level isolation on an 
event-by-event basis. The effect of the experim ental isolation requirement used in the data  
is found to  be close to  a particle-level requirem ent of E ™ (particle) <  0.0042 ■ E ^  + 10 GeV; 
the same requirem ent is obtained whether P y t h i a  or LO S h e rp a  is used. Particle-level 
jets  are reconstructed with the anti-kt algorithm  with R =  0.4 using all stable final-state 
particles as input; muons, neutrinos and particles from pile-up activity are excluded.
The efficiency of the selection, defined as the fraction of the events generated in the 
fiducial region th a t are also reconstructed in th a t region, is evaluated using MC simulations. 
The selection efficiency using LO Sh erpa  (P y th ia ) samples is 76% (76%), 74% (77%), 71% 
(70%) for the to tal, fragm entation- and direct-enriched phase-space regions, respectively.
The da ta  distributions, after background subtraction, are unfolded to  the particle level 
using an unfolding m ethod [60] based on the iterative application of Bayes’ theorem, as 
implemented in RooUnfold [61]. In this m ethod, an unfolding m atrix  is constructed using 
the samples of simulated events. The unfolding m atrix  encapsulates the migrations across 
bin boundaries of the observable when switching between particle and reconstruction levels. 
The binning of the distributions is chosen according to  the resolution in those variables and 
in some cases, such as a t high E ^  or p ^ ,  larger bin sizes are used to  reduce the statistical 
uncertainties in the data. There are observables th a t are filled once per event, such as 
EY, mjet-jet, A%’e tje t, |Ayjet-jet| and m 7-jet-jet, and observables which are filled twice per 
event, such as pJ^, |yjet| , A ^ 7-Jet and |A y7-jet|. The unfolding m atrix  is filled w ith those 
events th a t pass the selection requirem ents a t both  the reconstruction and particle levels. 
In addition, the reconstructed je t (photon) is required to  be m atched to  a particle-level jet 
(photon) w ithin A R  =  0.4 (0.2). Corrections are also applied to  take into account the frac­
tions of events for which there is no m atching either a t particle or reconstruction level; the 
fraction of unm atched particle-level (reconstruction-level) events is typically in the range 
20%-40% (5%-25%). In the evaluation of the system atic uncertainties (see section 7.1) , 
modifications of the unfolding m atrix  and of the corrections are applied simultaneously in 
a consistent way. Four iterations of the unfolding procedure are performed. The nomi­
nal cross sections are m easured using the signal leakage fractions and unfolding matrices 
from LO S h e rp a  since these simulations describe the shape of the distributions of the 
signal yield better than  those of P y th ia .  The results obtained by unfolding the data  
w ith P y t h i a  are used to  estim ate the model dependence and their deviations from the 
nominal results are taken as system atic uncertainties, as explained in section 7.1.5. The 
results of the Bayesian unfolding procedure are checked with a bin-by-bin m ethod based 
on LO S h e rp a  simulations, giving consistent results; the system atic uncertainty due to  
the unfolding procedure is negligible.
- 11 -
JH
E
P
03(2020)179
7 E xperim en ta l and th eoretica l uncertainties
7.1 U n cer ta in ties  in th e  cro ss-sec tio n  m easu rem en ts
The sources of system atic uncertainty th a t affect the measurem ents are the photon energy 
scale and resolution, the photon-identification efficiency, the photon-isolation modelling, 
the je t energy scale and resolution, the parton-shower and hadronisation model depen­
dence, the definition of the background control regions, the identification and isolation 
correlation in the background, the background from electrons or positrons faking photons, 
the modelling of pile-up, the trigger efficiency and the luminosity m easurem ent. These 
sources of uncertainty and their effects are described below.
7.1 .1  P h o to n  en ergy  sca le  and reso lu tion
The uncertainties in the photon energy scale and resolution are described in ref. [35]. The 
sources of uncertainty include: the uncertainty in the overall energy scale adjustm ent using 
Z  ^  e+e-  decays; the uncertainty in the non-linearity of the energy m easurem ent at the 
calorim eter cell level; the uncertainty in the relative calibration of the different calorim eter 
layers; the uncertainty in the am ount of m aterial in front of the calorimeter; the uncertainty 
in the modelling of the reconstruction of photon conversions; the uncertainty in the m od­
elling of the lateral shower shape; the uncertainty in the modelling of the sampling term ;5 
and the uncertainty in the m easurem ent of the constant term  in Z-boson decays. The 
uncertainties are split into independent components to  account for correlations and their 
n dependence. The individual sources of uncertainty are varied by ± l a  in the MC simu­
lations and propagated through the analysis separately, to  m aintain the full information 
about the correlations. The uncertainties are propagated to  the cross sections by modifying 
the unfolding m atrix, the unm atched fractions and the signal yields. The im pact of the 
photon energy resolution uncertainty is much smaller than  th a t of the photon energy scale 
uncertainty except for high ET (ET >  500 GeV), low mjet-jet (mjet-jet <  400 GeV) and low 
A%,etjet (A%,etjet <  0 .6  rad) in the fragm entation-enriched region. The resulting uncer­
ta in ty  in the m easured cross sections is obtained by adding in quadrature  all the individual 
components. For d a / d E T this uncertainty increases from 0.5% at ET =  150 GeV to 6 % 
at ET =  2 TeV.
7 .1 .2  P h o to n -id en tifica tio n  efficiency
Scale factors are applied to  sim ulated events to  m atch the efficiency for tight photon iden­
tification measured in d a ta  [34]. The uncertainties in the scale factors are propagated to 
the m easured cross sections by modifying the unfolding m atrix, the unm atched fractions 
and the signal yields. The resulting uncertainty in the m easured cross sections is in the 
range 1.5%-2%.
5The relative energy resolution is parameterised as a ( E ) / E  =  a /y /E  © b /E  © c, where a is the sampling 
term, b is the noise term and c is the constant term.
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7 .1 .3  P h o to n -iso la tio n  m od ellin g
I n  s i t u  corrections to  ETO are applied in simulated events for the nominal results. The 
differences between the nominal results and those obtained w ithout applying the afore­
mentioned corrections are taken as system atic uncertainties due to  the modelling of ETO in 
the MC simulation. The uncertainties are propagated to  the cross sections by modifying 
the unfolding m atrix, the unm atched fractions and the signal yields; the resulting uncer­
tainties are not symmetrised. The resulting uncertainty in the m easured cross sections is 
typically smaller th an  1%.
7 .1 .4  J e t en ergy  sca le  and reso lu tion
The uncertainties in the je t energy scale and resolution are considered using the m ethod 
reported in ref. [41]. The sources of uncertainty include: the uncertainty in the overall 
energy scale adjustm ent using Z  + je t ,  7  + j e t ,6 and m ulti-jet pT-balance m ethods; the 
uncertainty due to  modelling, statistics and calibration non-closure in the n intercalibra­
tion; the uncertainty from single-particle response studies of high-pT jets; the uncertainty 
due to  the modelling of the pile-up contribution; the uncertainty in the je t response and 
sim ulated je t composition of light-quark, b-quark, and gluon-initiated jets; and the uncer­
ta in ty  due to  punch-through jets. The individual sources of uncertainty are varied by 
± 1 a  in the MC simulations and propagated through the analysis separately, to  m aintain 
the full information about the correlations. The uncertainties are propagated to  the cross 
sections by modifying the unfolding m atrix  and the unm atched fractions. The resulting 
uncertainty in the measured cross sections is obtained by adding in quadrature all the 
individual components. For d a /d  j *  this uncertainty is in the range 3%-8%.
7 .1 .5  P arton -sh ow er and h ad ron isa tion  m od el d ep en d en ce
The dependence of the signal purity and unfolding corrections on the parton-shower and 
hadronisation models used in the simulations are studied separately. The differences ob­
served in the signal purity  between the nominal results and those obtained using the 
P y th ia  MC samples for the determ ination of the signal leakage fractions are taken as 
system atic uncertainties. The uncertainties are propagated to  the cross sections by m od­
ifying the signal yields. The resulting uncertainties in the m easured cross sections are 
typically smaller th an  1%. The differences between the nominal results and those obtained 
using the P y th ia  MC samples for the unfolding are taken as system atic uncertainties and 
are typically smaller th an  2%. In both  cases, for the signal leakage fractions and for the 
unfolding, the uncertainties also account for a possible bias due to  the application of the 
Frixione’s criterion at particle level in the LO Sherpa  MC samples.
7 .1 .6  D efin itio n  o f  th e  background con tro l regions
The signal yield depends on the definition of the background control regions. The depen­
dence is investigated by (i) varying the lower limit on ETO of regions B  and D  by ±1 GeV,
6The correlation between the uncertainty in the photon energy scale and the uncertainty in the jet energy 
scale arising from the in  situ  method based on 7  + jet events has negligible impact.
7High-pT jets that are not fully contained in the calorimeter are referred to as punch-through jets.
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(ii) removing the upper limit on ET° of regions B  and D ,  and (iii) changing the choice of in­
verted photon identification variables used in the selection of non-tight photons. The signal 
yields obtained after each variation are compared with the nominal results and the differ­
ences are taken as system atic uncertainties. The uncertainties are propagated to  the cross 
sections by modifying the signal yields. The uncertainty in the measured cross sections is 
typically below 0 .2 %, 0 .2 %, and 1% for the (i), (ii) and (iii) variations, respectively.
7 .1 .7  Id en tifica tion  and iso la tio n  corre la tion  in  th e  background
In the i n  s i t u  background subtraction (eq. (5.1)), Rbg is assumed to  be unity. A range 
in Rbg is set to  cover the deviations from unity observed in the validation regions after 
subtracting the signal leakage with either P y t h i a  or LO S h e rp a  MC samples. The m ax­
imum deviations of Rbg from unity in the validation regions vary in the range 10%-50% 
depending on the observable. The uncertainties are propagated to  the cross sections by 
modifying the signal yields. The resulting uncertainty in the measured cross sections is 
typically smaller th an  1%.
7 .1 .8  B ackgroun d  from  e lec tron s or p o sitro n s faking p h oton s
A system atic uncertainty is assigned by taking the full size of the estim ated contribution; 
the W  + je ts  and Z  + je ts  contributions are added linearly. The uncertainties are propagated 
to  the cross sections by modifying the signal yields. The resulting uncertainty in the 
m easured cross sections is typically smaller th an  1%.
7 .1 .9  P ile -u p , tr igger  efficiency  and in tegra ted  lu m in osity
The pile-up reweighting of sim ulated events is varied to  cover the uncertainty in the ratio  of 
the predicted and measured inelastic cross sections [62]. The uncertainties are propagated 
to  the cross sections by modifying the unfolding m atrix, the unm atched fractions and the 
signal yields. The resulting uncertainty in the m easured cross sections is typically smaller 
th an  1%. There might be double counting between this source of uncertainty and th a t in 
the modelling of the photon isolation. However, given the smallness of the uncertainties, 
the im pact is limited. The uncertainty in the trigger efficiency is estim ated using the same 
m ethodology as in ref. [31] and am ounts to  0 .2 2 % for 150 <  ET <  175 GeV, 0.08% for 175 < 
ET <  200 GeV, 0.04% for 200 <  ET <  470 GeV, and 0.40% for 470 <  ET <  2500 GeV. It 
is propagated linearly to  the m easured cross sections. The uncertainty in the integrated 
luminosity is 2 .1% and is fully correlated between all bins of all the m easured cross sections.
7 .1 .10  T otal sy s te m a tic  u n certa in ty
The to ta l system atic uncertainty is com puted by adding in quadrature the uncertainties 
from the sources listed above and the statistical uncertainty from the MC samples. The 
la tte r is com puted using the boo tstrap  resampling technique [63]. There are large corre­
lations in the system atic uncertainties across bins of one observable, particularly in the 
uncertainties due to  the photon and je t energy scales, which are dom inant. The to ta l 
system atic uncertainty in the m easured cross sections, excluding the uncertainty of the
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Range of the  relative uncertain ty  (in %) for each variable
e T je tpT |yj e t l |Ay7 - j e t | A^7 - j e t |Ayj e t - j e t | A p e t - je t
j e t - j e tm Y - j e t - j e tm
3.5%-6.5% 4%-15% 4%-6% 4%-9% 3.5%-6% 4%-8% 3%-7% 4%-9% 4%-11%
Table 2. The total systematic uncertainty in the measured cross sections, excluding the uncertainty 
of the luminosity determination, for the total phase space: the range for each variable is shown in 
percentage.
luminosity determ ination, for the to ta l phase space varies in the range shown in table 2 
depending on the variable.
Figures 2 and 3 show the to ta l system atic uncertainty, excluding the uncertainty of the 
luminosity determ ination, for each m easured cross section for the to ta l phase space. The 
dom inant components, namely the jet energy scale, the photon energy scale and the photon 
identification, are shown separately in these figures. There are variables such as A pet-jet 
for which the system atic uncertainties due to  the je t and photon energy scales depend 
on the variable itself. These dependencies arise from the event topology: a t low A pet-jet 
the two jets are close together and recoil against the photon whereas at high A p et-jet the 
two jets recoil against each other and the photon has lower pT . Thus, the populations 
in je t and photon p T  vary with A pet-jet. In the to ta l phase space, the system atic uncer­
ta in ty  dom inates the to ta l experim ental uncertainty for ET <  1 TeV, p T  <  1.5 TeV and 
m 7-jet-jet <  4 TeV. For higher E T , p T  and m 7-jet-jet values, the statistical uncertainty 
of the da ta  limits the precision of the measurem ents. For other observables, the system ­
atic uncertainty dom inates in the whole m easured range. In particular, in the tails of the 
distributions of p T \  |A y7-jet| and m 7-jet-jet the contributions from the statistical uncertain­
ties of the MC samples and the system atic uncertainty in the unfolding correction due to  
the parton-shower and hadronisation model dependence can be as large as the system atic 
uncertainty due to  the je t energy scale.
7.2 T h eo retica l u n certa in ties  in th e  p red iction s
The following sources of uncertainty in the theoretical predictions are considered. The 
uncertainty in the NLO pQCD predictions from S h e rp a  due to  term s beyond NLO is 
estim ated by repeating the calculations using values of the renorm alisation (^ R) and fac­
torisation (pp) scales m ultiplied by the factors 0.5 or 2. The two scales are varied either 
simultaneously or individually. In all cases, the condition 0.5 <  p R / p P <  2 is imposed. 
The largest deviation from each nominal prediction among the six possible variations is 
taken as the uncertainty. The uncertainty in the predictions due to  the proton PD Fs is 
estim ated by using 100 replicas from the NNPDF3.0 analysis [55]. The uncertainty in the 
predictions due to  the uncertainty in a s is estim ated by repeating the calculations using 
two additional sets of proton PD Fs from the NNPDF3.0 analysis, for which different values 
of a s ( m Z) were assumed in the fits, namely 0.117 and 0.119; in this way, the correlation 
between a s and the PD Fs is preserved.
The to ta l theoretical uncertainty is obtained by adding in quadrature the individual 
uncertainties mentioned above. The dom inant theoretical uncertainty is th a t arising from
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Figure 2 . Total relative systematic uncertainty in the measured cross-sections (black lines), exclud­
ing the uncertainty of the luminosity determination, together with the three main contributions, 
namely jet energy scale (dot-dashed lines), photon energy scale (dashed lines) and photon identi­
fication (dotted lines), as a function of (a) E ^ , (b) p ^ ,  (c) |yjet|, (d) |Ay7-jet| and (e) A^7-jet for 
the total phase space.
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Figure 3 . Total relative systematic uncertainty in the measured cross-sections (black lines), exclud­
ing the uncertainty of the luminosity determination, together with the three main contributions, 
namely jet energy scale (dot-dashed lines), photon energy scale (dashed lines) and photon identifi­
cation (dotted lines), as a function of (a) |Ayjet-jet|, (b) A^jet-jet, (c) mjet-jet and (d) m7-jet-jet for 
the total phase space.
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term s beyond NLO and typically varies between about 20% and about 40%, depending on 
the observable and region of phase space. The uncertainty in the predictions arising from 
those in the PD Fs is below 6 % and th a t arising from the value of a s ( m Z) is below 6 % for 
all observables and phase-space regions.
8 R esu lts
The m easured isolated-photon plus two-jets cross sections in the three phase-space regions 
are shown in figures 4 to  9 .
The measured d a /d E T  is shown in figure 4a for the to ta l phase space. The cross 
section decreases by approxim ately five orders of m agnitude in the 150-2000 GeV range. 
The m easured d a /d E T  for the fragm entation- and direct-enriched phase-space regions are 
shown in figures 6 a and 8 a , respectively; it is observed th a t the ET spectrum  for the 
direct-enriched phase space is harder th an  th a t for the fragm entation-enriched one.
The m easured d a /d p T  for the to ta l phase space, shown in figure 4b, decreases by 
approxim ately five orders of m agnitude in the m easured range. Values of p T  up to  2 TeV 
are measured. The m easured d a /d p T  for the fragm entation-enriched phase space (see 
figure 6 b ) has a harder spectrum  than  th a t for the direct-enriched one (see figure 8 b) .
Figure 4c shows the measured d a /d |y jet| for the to ta l phase space. The measured cross 
section decreases as |yjet| increases. The measured d a /d |y jet| for the fragm entation- and 
direct-enriched phase-space regions are shown in figures 6c and 8 c , respectively, and are 
similar for |yjet| <  1, but for 1 <  |yjet| <  2.5 the spectrum  for the fragm entation-enriched 
phase space decreases faster as |yjet| increases.
The m easured d a /d |A y 7 jet| for the to ta l, fragm entation-enriched and direct-enriched 
phase-space regions are shown in figures 4d, 6 d and 8 d , respectively. The m easured cross 
sections decrease as |A y7-jet| increases in all three phase-space regions.
The measured d a /d A ^ 7-jet for the to ta l phase space is shown in figure 4e. The mea­
sured cross sections for the to ta l and direct-enriched (see figure 8 e) phase-space regions 
increase as A ^ 7-jet increases and display a maximum at A ^ 7-jet ~  2.8 rad. In contrast, 
d a /d A ^ 7-jet for the fragm entation-enriched phase space (see figure 6 e) exhibits a peak 
at lower A ^ 7-jet values, A ^ 7-jet ~  2.2 rad. The difference between the distributions of 
A ^ 7-jet for the direct- and fragm entation-enriched phase-space regions is partly  due to  
the kinem atical constraints th a t define those regions, namely ET >  p^ 1 and ET <  p ^ 2, 
respectively.
Figures 5a, 7a and 9a show the m easured d a /d |A y jet-jet| for the to tal, fragm entation- 
and direct-enriched phase-space regions, respectively. The measured cross sections have 
similar shapes in the three phase-space regions. However, the m easured da/dA % )et-jet 
(see figures 5b, 7b and 9b) have very different shapes in the three phase-space regions. 
For the fragm entation-enriched phase space, the two jets prim arily populate the range 
A%)et-jet >  2 .2  rad whereas for the direct-enriched one they mostly populate the range 
0 <  A ^ jet-jet <  2 .2  rad. The je t radius param eter of R =  0.4 has an effect for A ^ jet-jet <  0.4 
as can be seen in figures 5b and 9b. The kinem atical constraints th a t define the direct- 
and fragm entation-enriched phase-space regions have also an effect on the distributions of
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Figure 4 . Measured cross sections for isolated-photon plus two-jet production (dots) as functions 
of (a) ET, (b) pJTet, (c) |yjet|, (d) |Ay7-jet| and (e) A^7-jet for the total phase space. The NLO 
QCD predictions from S h e r p a  (solid lines) based on the NNPDF3.0 PDFs are also shown. The 
tree-level plus parton-shower predictions from LO S h e r p a  (dotted lines) and P y t h i a  (dashed lines) 
normalised to the integrated measured cross section (using the factors indicated in parentheses) are 
also shown. The bottom part of each figure shows the ratio of the predictions to the measured 
cross section. The inner (outer) error bars represent the statistical uncertainties (the statistical 
and systematic uncertainties added in quadrature) and the filled bands represent the theoretical 
uncertainty of the NLO QCD predictions. For most of the points, the inner and outer error bars 
are smaller than the marker size and, thus, not visible. The visible thin error bars represent the 
outer error bars.
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Figure 5 . Measured cross sections for isolated-photon plus two-jet production (dots) as functions 
of (a) |Ayjet-jet|, (b) A^jet-jet, (c) mjet-jet and (d) mY-jet-jet for the total phase space. The NLO 
QCD predictions from S h e r p a  (solid lines) based on the NNPDF3.0 PDFs are also shown. The 
tree-level plus parton-shower predictions from LO S h e r p a  (dotted lines) and P y t h i a  (dashed lines) 
normalised to the integrated measured cross section (using the factors indicated in parentheses) are 
also shown. The bottom part of each figure shows the ratio of the predictions to the measured 
cross section. The inner (outer) error bars represent the statistical uncertainties (the statistical 
and systematic uncertainties added in quadrature) and the filled bands represent the theoretical 
uncertainty of the NLO QCD predictions. For most of the points, the inner and outer error bars 
are smaller than the marker size and, thus, not visible. The visible thin error bars represent the 
outer error bars.
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Figure 6 . Measured cross sections for isolated-photon plus two-jet production (dots) as functions of
(a) ET, (b) j , (c) |yjet|, (d) |Ay7-jet| and (e) A ^7-Jet for the fragmentation-enriched phase space. 
The NLO QCD predictions from S h e r p a  (solid lines) based on the NNPDF3.0 PDFs are also 
shown. The tree-level plus parton-shower predictions from LO S h e r p a  (dotted lines) and P y t h i a  
(dashed lines) normalised to the integrated measured cross section (using the factors indicated in 
parentheses) are also shown. The bottom part of each figure shows the ratio of the predictions 
to the measured cross section. The inner (outer) error bars represent the statistical uncertainties 
(the statistical and systematic uncertainties added in quadrature) and the filled bands represent 
the theoretical uncertainty of the NLO QCD predictions. For most of the points, the inner and 
outer error bars are smaller than the marker size and, thus, not visible. The visible thin error bars 
represent the outer error bars.
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Figure 7 . Measured cross sections for isolated-photon plus two-jet production (dots) as functions 
of (a) |Ayjet-jet|, (b) A^jet-jet, (c) mjet-jet and (d) mY-jet-jet for the fragmentation-enriched phase 
space. The NLO QCD predictions from S h e r p a  (solid lines) based on the NNPDF3.0 PDFs are also 
shown. The tree-level plus parton-shower predictions from LO S h e r p a  (dotted lines) and P y t h i a  
(dashed lines) normalised to the integrated measured cross section (using the factors indicated in 
parentheses) are also shown. The bottom part of each figure shows the ratio of the predictions 
to the measured cross section. The inner (outer) error bars represent the statistical uncertainties 
(the statistical and systematic uncertainties added in quadrature) and the filled bands represent 
the theoretical uncertainty of the NLO QCD predictions. For most of the points, the inner and 
outer error bars are smaller than the marker size and, thus, not visible. The visible thin error bars 
represent the outer error bars.
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Figure 8 . Measured cross sections for isolated-photon plus two-jet production (dots) as functions 
of (a) ET, (b) PTet, (c) |yjet|, (d) |AyY-jet| and (e) A^7-jet for the direct-enriched phase space. 
The NLO QCD predictions from S h e r p a  (solid lines) based on the NNPDF3.0 PDFs are also 
shown. The tree-level plus parton-shower predictions from LO S h e r p a  (dotted lines) and P y t h i a  
(dashed lines) normalised to the integrated measured cross section (using the factors indicated in 
parentheses) are also shown. The bottom part of each figure shows the ratio of the predictions 
to the measured cross section. The inner (outer) error bars represent the statistical uncertainties 
(the statistical and systematic uncertainties added in quadrature) and the filled bands represent 
the theoretical uncertainty of the NLO QCD predictions. For most of the points, the inner and 
outer error bars are smaller than the marker size and, thus, not visible. The visible thin error bars 
represent the outer error bars.
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Figure 9 . Measured cross sections for isolated-photon plus two-jet production (dots) as functions 
of (a) |Ayjet-jet|, (b) A^jet-jet, (c) mjet-jet and (d) mY-jet-jet for the direct-enriched phase space. 
The NLO QCD predictions from S h e r p a  (solid lines) based on the NNPDF3.0 PDFs are also 
shown. The tree-level plus parton-shower predictions from LO S h e r p a  (dotted lines) and P y t h i a  
(dashed lines) normalised to the integrated measured cross section (using the factors indicated in 
parentheses) are also shown. The bottom part of each figure shows the ratio of the predictions 
to the measured cross section. The inner (outer) error bars represent the statistical uncertainties 
(the statistical and systematic uncertainties added in quadrature) and the filled bands represent 
the theoretical uncertainty of the NLO QCD predictions. For most of the points, the inner and 
outer error bars are smaller than the marker size and, thus, not visible. The visible thin error bars 
represent the outer error bars.
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A%)et-Jet; for instance, d a /d A ^ jet-jet for the fragm entation-enriched phase-space region is 
suppressed at low A 0jet-jet.
The dependence of the cross sections on mjet-jet and m 7-jet-jet is m easured up to  values 
of 4 TeV and 5.5 TeV, respectively. For d a /d m jet-jet (see figures 5c, 7c and 9c) , the measured 
spectra have different shapes in the three phase-space regions. The cross section for the 
fragm entation-enriched phase space is suppressed at low mjet-jet values, bu t it is harder 
th an  th a t for the direct-enriched one at high mjetjet values. The kinem atical constraints 
have some effect on the differences between the distributions of mjetjet for the direct- and 
fragm entation-enriched phase-space regions. For d a /d m 7-jet-jet (see figures 5d, 7d and 9d) , 
the shapes of the spectra are more similar, but the d istribution for the fragm entation- 
enriched phase space is harder th an  for the direct-enriched one.
8.1 C om p arison  w ith  tree -lev e l p lus p arton -sh ow er M on te  C arlo m od els
The predictions of the tree-level plus parton-shower M C models of P y t h i a  and S h e r p a  are 
compared with the da ta  in figures 4 to  9. These predictions are normalised to  the measured 
integrated cross section in each phase space to  compare the shapes of the predictions 
w ith the data. The norm alisation factors relative to  the cross-section predictions of the 
generators are indicated in figures 4 to  9 . Being tree-level predictions, the theoretical 
uncertainties in these models can be as large as 50% and are not included in the figures.
The predictions of LO S h e r p a  provide a good description of the shape of the data, 
except a t high E ^ , |Ayjet-jet| and m Y jet jet. The predictions of P y t h ia , in general, fail to  
describe the shape of the data. There are two reasons for this disagreement. F irst, since 
P y th ia  uses 2 ^  2 m atrix  elements, the second je t necessarily originates from the parton 
shower; Sh erpa  incorporates m atrix  elements for the processes 2 ^  n  w ith n  =  2 to  5 and 
thus the second je t is be tter simulated. Second, the fragm entation component in P y th ia  is 
overestim ated for the param eter settings used here. This is particularly visible in the cross 
section for the to ta l phase space as a function of p T  in the region p T  >  300 GeV, where 
the prediction overestimates the d a ta  by 50% or more. It is also visible in the cross section 
for the to ta l phase space as a function of mjet-jet and m 7-jet-jet, where the predictions of 
P y th ia  overestim ate the d a ta  by up to  an order of m agnitude. The overestim ation of the 
fragm entation component is also supported by the fact th a t the norm alisation factor for the 
predictions from P y th ia  is 1.2 (0.7) for the to ta l (fragmentation-enriched) phase space. 
The inclusion of higher-order tree-level m atrix  elements for the processes 2 ^  n  with n  =  3 
to  5 in Sh erpa  significantly improves the description of the d a ta  for all observables and 
phase-space regions.
8.2  C om p arison  w ith  n ex t-to -lea d in g -o rd er  p lus p arton -sh ow er Q C D  pred ic­
tio n s
The predictions of the NLO calculations of Sherpa  are compared w ith the d a ta  in figures 4 
to  9. The uncertainties in the predictions include those due to  missing higher-order term s 
in the perturbative expansion, those due to  the uncertainties in the PD Fs and those due to 
the uncertainty in a s(m Z), as explained in section 7.2. The predictions are shown with the 
theory normalisation, so the comparison between d a ta  and theory is done in term s of both
- 25 -
JH
E
P
03(2020)179
norm alisation and shape, except for the LO Sh erpa  predictions (see section 8.1) which 
are normalised to  the data . The NLO Sherpa  predictions describe the d a ta  adequately in 
shape and norm alisation w ithin the experim ental and theoretical uncertainties except for 
ranges a t high values of |A yY-jet|, |Ayjet-jet|, mjet-jet and m Y-jet-jet, where the predictions 
overestim ate the d a ta  in the to ta l and fragm entation-enriched phase-space regions. In 
those ranges, the overestim ation of the predictions relative to  the d a ta  is larger in the 
fragm entation-enriched phase space th an  when considering the to ta l phase space. These 
discrepancies might be a ttribu tab le  to  unaccounted higher-order corrections given the fact 
th a t the variation of the renorm alisation and factorisation scales leads to  relatively large 
uncertainties in the predictions. In particular, the use of ET as the scale might not be 
optim al in the ranges where p T  is much larger than  E T . A mismodelling of the high tail in 
mjet-jet is also observed for the measurem ents of the final sta te  V +  je t +  je t w ith V =  W ± 
or Z  boson [64- 66]. In addition, decorrelation effects from multiple parton emission might 
be present a t large values of |A y7-jet| and |Ayjet-jet|. The comparison of the predictions 
based on different param eterisations of the proton PD Fs shows th a t the description of the 
d a ta  does not depend significantly on the specific P D F  used. The theoretical uncertainties 
are much larger th an  the experim ental ones and, therefore, more precise calculations are 
needed, either in the form of resummed calculations or through the inclusion of higher- 
order term s. Once the size of the uncertainties of the predictions is reduced significantly, 
a meaningful comparison w ith predictions including electroweak effects will be possible.
9 Sum m ary
M easurem ents of the cross sections for the production of an isolated photon in association 
w ith two jets in pp collisions at a/s =  13 TeV, pp ^  7  +  je t +  je t +  X, are presented. These 
m easurem ents are based on an integrated luminosity of 36.1 fb-  of ATLAS d a ta  recorded 
a t the LHC. The photon is required to  have ET >  150 GeV and |p71 <  2.37, excluding the 
region 1.37 <  |p71 <  1.56. The jets are reconstructed using the anti-kt algorithm  with radius 
param eter R =  0.4. The cross sections are measured as functions of E T , pT*, |yJet|, A ^ 7-Jet,
| A yY-jet|, mjet-jet, A ^ jet-jet, | Ayjet-jet| and m Y-jet-jet in three different regions of phase space, 
namely the to ta l phase space, the fragm entation-photon enriched phase space where ET < 
pJTt2 and the direct-photon enriched phase space where ET >  pJTU . The measurem ents 
extend up to  values of 2 TeV in ET and pT*. The dependence of the cross sections on mjet-jet 
and m 7-jet-jet is m easured up to  values of 4 TeV and 5.5 TeV, respectively. The measured 
cross sections in the fragm entation-photon and direct-photon enriched phase-space regions 
exhibit the features expected from the two underlying production mechanisms, each of 
which dom inates in one of the two regions, and for some observables, from the effects of 
the kinem atical constraints th a t define the two phase-space regions.
The predictions of the tree-level plus parton-shower MC model in LO Sh erpa  give 
a good description of the shape of the da ta  distributions, except a t high E T , |Ayjet-jet| 
and m Y Jet Jet. In contrast, the predictions from P y t h ia , for which the sub-leading jet 
m ust necessarily originate from the parton shower, generally fail to  describe the shape of 
the distributions in the data . The improved description of the d a ta  by the predictions
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from LO Sherpa  is a ttribu ted  to  the inclusion of tree-level higher-order m atrix  elements. 
The precision of the m easurem ents is significantly better than  the differences between the 
predictions. The NLO predictions from Sh erpa  describe the d a ta  adequately in shape 
and norm alisation w ithin the experim ental and theoretical uncertainties except for the 
regions at high values of |A yY-jet|, |Ayjet-jet |, mjet-jet and m Y-jet-jet, where the predictions 
overestim ate the da ta  for the to ta l and fragm entation-photon enriched phase-space regions. 
There are regions in which the NLO predictions exhibit trends th a t differ from those in 
the data, such as a t high ET and p ^ ,  and at low A ^ 7-Jet. The theoretical uncertainties 
are much larger than  those of experim ental nature, preventing a more precise test of the 
theory. The measurem ents provide tests of pQCD at energy scales as high as 2 TeV for 
the photon and je t transverse m om enta and scrutinise the NLO QCD description of the 
dynamics of isolated-photon plus two-jet production in pp collisions.
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